Infants with intrauterine growth restriction (IUGR) are at high risk for morbidity and mortality. Preeclampsia, one of the leading causes of IUGR, begins during the canalicular phase of lung development. The aim of our study was to determine whether induced IUGR was responsible for abnormal lung development in rat pups. We randomized pregnant Sprague-Dawley rats to daily gavage with either the nitric oxide synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME; n ϭ 5, 50 mg · kg
Infants with intrauterine growth restriction (IUGR) are at high risk for morbidity and mortality. Preeclampsia, one of the leading causes of IUGR, begins during the canalicular phase of lung development. The aim of our study was to determine whether induced IUGR was responsible for abnormal lung development in rat pups. We randomized pregnant Sprague-Dawley rats to daily gavage with either the nitric oxide synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME; n ϭ 5, 50 mg · kg
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· d
Ϫ1 ) or pure water (n ϭ 6). The pups were weighed at birth and on postnatal days 7 and 14. At each of these time points, pups were killed and their lung growth was assessed on the basis of lung volume and light-microscopy morphometric data. At birth, body weight, total alveolar surface area, and alveolar surface density were significantly decreased and alveolar size was significantly increased in the L-NAME group, compared with the control group. On day 7, body weight was similar in the two groups, and the only significant difference was smaller total alveolar surface area in the L-NAME group. On day 14, neither body weight nor lung morphometric parameters were significantly different between the L-NAME group and the controls. These results suggest that postnatal catch-up growth may completely correct the lung development disorders present at birth in IUGR pups, in parallel with the catch-up body weight gain.
(Pediatr Res 58: 557-561, 2005)
Abbreviations IUGR, intrauterine growth restriction Lm, mean linear intercept L-NAME, N-nitro-L-arginine methyl ester NO, nitric oxide NOS, nitric oxide synthase PFA, paraformaldehyde Sa, total alveolar surface area Sv, alveolar surface density Valv, mean alveolar volume VEGF, vascular endothelial growth factor Vva, air space volume Vvi, alveolar wall volume Studies have established that intrauterine growth restriction (IUGR) is correlated with increased morbidity and mortality (1) (2) (3) . Despite the huge strides made in neonatal medicine over the past 15 y, the risk for respiratory distress syndrome, intraventricular hemorrhage, and necrotizing enterocolitis, as well as length of stay and hospital costs, remain higher in growth-restricted newborns (3) . Importantly, the adverse effects of IUGR are long lasting, one of the most common long-term consequences being respiratory disease (4 -7) .
Preeclampsia is among the leading causes of IUGR. The placental vascular abnormalities associated with preeclampsia impair maternofetal exchanges, thereby restricting fetal growth (8) . Impairments in maternofetal exchanges begin during the third trimester of pregnancy, during which lung development is at the canalicular phase, characterized by formation of the distal airways, blood vessels, and alveolar-capillary barrier (9) .
Although the pathophysiology of preeclampsia remains unclear, experimental evidence points to a key role for nitric oxide (NO) (10 -13) . NO synthase (NOS) inhibition during the last third of pregnancy in rats was followed by hypertension and proteinuria in the dams and by IUGR and high fetal mortality in the offspring, a combination that replicated preeclampsia in humans (14 -16) . In rats, IUGR induced by NOS inhibition was associated with hindlimb necrosis at birth (17) . To our knowledge, the long-term development of the offspring was not documented. These data prompted us to assess whether lung development was impaired in rat pups with IUGR induced by NOS inhibition in the dams during gestation.
METHODS
The study was approved by our institutional review board for animal research. We used 11 pregnant Sprague-Dawley rats (Etablissement Déprés, France). Pregnancy was obtained by leaving each female with a male for 12 h overnight. The next day was taken as the first day of gestation. From day 12 of gestation to the end of the experiments, the pregnant dams were housed in our animal rooms in temperature-controlled units (21 Ϯ 2°C) with a 12-h/12-h light/dark cycle and free access to food and water. We allocated the rats at random to NOS inhibition or placebo therapy, both given by daily gavage from day 14 to day 21 of gestation. NOS inhibition was induced in five rats by administration of 50 mg · kg Ϫ1 · d Ϫ1 N-Nitro-L-arginine methyl ester (L-NAME ). The control group of six rats received pure water.
All dams in both groups littered spontaneously between day 22 and day 23 of gestation; mean duration of pregnancy was similar in the two groups [ 8 -18) in the L-NAME group and 15 Ϯ 1.5 (range, [12] [13] [14] [15] [16] [17] in the control group; p Ͼ 0.05]. The day of birth was defined as postnatal day 0. The pups in both groups were kept with their mothers in the cage where they were born. All pups were weighed at birth, then on postnatal days 7 and 14. At each of these three time points, pups were killed and their lungs were harvested for determination of morphometric parameters. Because postnatal growth is influenced by the number of pups per dam, at each time point, we killed the number of rat pups per litter that kept the litter sizes similar; therefore, the number of pups killed varied across time points. In the L-NAME and control groups, litter size was 7.25 Ϯ 2.8 and 8 Ϯ 0.6 between days 0 and 7; it was 7 Ϯ 0 and 5.6 Ϯ 0.8 between days 7 and 14. In one litter, the pups became dehydrated as a result of insufficient milk production by the dam; this litter was excluded from the analysis on postnatal days 7 and 14. Newborn and 7-d-old pups were killed by decapitation after ether anesthesia and 14-d-old pups by bleeding (renal artery section) after intraperitoneal thiopental anesthesia. The lungs were gently removed and separated from the heart and blood vessels.
Lung volume measurement. A cannula matching the size of the trachea was selected. The cannula was filled with 4% paraformaldehyde (PFA), inserted into the trachea, and used to inflate the lungs by instilling PFA at a pressure of 20 cm H 2 O. The trachea then was occluded to keep the lungs inflated. Lung volume then was evaluated using the fluid displacement method. Briefly, a vessel partly filled with PFA was weighed, the lungs then were immersed completely in the PFA, and the vessel was weighed again. The weight increase was correlated to the PFA volume displaced by lung immersion. On the basis of the measured weight increase and on the specific gravity of PFA (~1 g/cm 3 ), we calculated the lung volume (18) . Lung morphometric analysis. The lungs were kept immersed in 4% PFA for 7 d, that is, until lung retraction stopped. The whole lungs were embedded in paraffin. From each lung, a mediocoronal section 3 m in thickness was cut and stained with hematin, floxin, and saffron. Each lung section was examined under a light microscope connected to a television screen via a color video camera with an overall magnification of ϫ500. For each field, a grid of 42 points and 21 lines each measuring 3 cm in length was used (19) . We examined 10 fields per lung (i.e. 20 fields per animal) selected by systematic sampling from a random starting point to ensure that the sections were randomly distributed throughout all of the lung lobes. We used a correcting factor of 1.22 to correct the surface area values for the shrinkage caused by our fixation and paraffin-embedding procedure (20) . Using the point and intersection counting method (19) 
RESULTS
Rat pups at birth. We obtained 84 live newborn rat pups in the control group and 56 in the L-NAME group. In this last group, three of the 56 pups had hindlimb necrosis. The three stillborn rat pups in the control group and four in the L-NAME group were excluded from further analysis. The body weight at birth was significantly lower in the L-NAME group [5.46 Ϯ 0.5 g (range, 4.3-6.6)] than in the control group [6.21 Ϯ 0.55 g (range, 4.3-7.5); p Ͻ 0.0001; Fig. 1 ].
Lung morphometric data at birth. Under the light microscope, increased alveolar size consistent with delayed lung development was noted in the L-NAME group compared with the control group (Fig. 2) . Table 1 reports the lung morphometry data at birth, which were obtained from 23 pups in the control group and 12 pups in the L-NAME group. Compared with the controls, the newborn pups from dams that were given L-NAME exhibited significant decreases in Sa (p ϭ 0.0165) and Sv (p ϭ 0.0075) and a significant increase in Lm (p ϭ 0.006) and Valv (p ϭ 0.0033). Although the differences were not significant, trends toward lower values for lung volume and alveolar number were noted in the L-NAME pups.
Findings on postnatal days 7 and 14. On postnatal days 7 and 14, body weights were similar in the L-NAME and control groups (p Ͼ 0.05). As shown in Fig. 2 , the pulmonary morphometric differences between the L-NAME and control groups were less marked on postnatal day 7 than at birth. Thus, on postnatal day 7, Sa was smaller (p ϭ 0.04) in the L-NAME pups (203 Ϯ 39) than in the control pups (244 Ϯ 20), although lung volume was similar in the two groups (0.775 Ϯ 0.149 in the L-NAME group versus 0.84 Ϯ 0.123 in the control group). Valv was greater in the L-NAME pups, but the difference with the controls was no longer significant. On postnatal day 14, none of the morphometric parameters was significantly different between the L-NAME and control groups.
DISCUSSION
Our study confirmed that administration of the NOS inhibitor L-NAME during the last 7 d of pregnancy in rats caused IUGR in the pups. At birth, IUGR was associated with a significant delay in lung development, manifesting as decreases in lung volume, Sa, and Sv, with an increase in Valv. However, these lung growth differences between the L-NAME and control groups resolved within the first 2 postnatal wk, as did the difference in body weight.
Consequences of L-NAME treatment on rat pups' growth in utero. As previously described, we observed in the L-NAME group a significant decrease in the pups' birth weight, compared with the controls. Trophoblast-derived NO seems involved in the pathophysiology of preeclampsia, although its exact role in the control of human placental function remains unclear. The hypothesis that endothelial dysfunction may cause preeclampsia has received support from studies showing abnormal levels of NOS in placental umbilical artery endothelium from women with preeclampsia (10 -13). Furthermore, studies of perfused human fetal placentas have established that NO contributes to maintain a low vascular resistance (22) . In our experiments, inhibition by L-NAME of NO-induced vasodilation probably altered the placental blood flow, thereby impairing transplacental maternofetal exchanges and ultimately inducing fetal growth restriction.
Lung morphometric methods. In this study, lung morphometric analysis was performed using classical stereologic methods in which Lm is obtained with a nonuniform sample of alveolar profiles. New morphometric procedures using dissector method (23) combined with the selector method (24) or with a connectivity estimator (25) allow unbiased determination of alveolar number and size. The disadvantage of the classical method that we used is that on a single thin section of lung, the probability of alveoli to be represented is proportional to their height perpendicular to the section plane. Despite that the technique that we used is widely recognized, our results thus could have been somewhat biased. However, the same technique was used in both groups and at all experimental steps; the differences that we observed are clearly significant at birth, and the results that we obtained at birth and 7 and 14 d of life are consistent with the aspect of lung under light microscope.
Consequences of L-NAME treatment on lung development in utero. We found a significant decrease in Sa in the pups that were exposed to L-NAME during the last third of their fetal life. Although this difference was not significant when Sa was corrected for body weight, the significant decrease in Sv and significant increase in Valv in the L-NAME pups compared with the controls were consistent with lung growth impairment induced by L-NAME administration.
In the present study, L-NAME was given from day 14 to day 21 of gestation, which covers the entire canalicular phase and part of the saccular phase of lung development. The decrease in Sv and increase in Valv observed at birth in the L-NAME rats therefore may be ascribable to impairment of formation of the distal airspaces usually observed during the saccular phase of lung development.
Consequences on lung development were already described in a previous study on rat pups that were exposed to L-NAME in utero; the authors observed that the fetal lung/body weight ratio was significantly lower, suggesting delayed lung growth, compared with control pups (26) . Several hypotheses can be suggested to explain the consequences of our L-NAMEinduced IUGR on lung development at birth in rat pups. First, as discussed above, L-NAME administration may have interfered with lung development simply by impairing maternofetal exchanges. Other methods of experimental IUGR, such as L-NAME Control
Postnatal day 14 L-NAME Control
441 Ϯ 38 (n ϭ 6) 450 Ϯ 66 (n ϭ 13) Sva (cm 2 /cm 3 ) 339 Ϯ 13 (n ϭ 6) 339 Ϯ 30 (n ϭ 13) Valv (10 Ϫ6 cm 3 ) 0.34 Ϯ 0.063 (n ϭ 6) 0.27 Ϯ 0.063 (n ϭ 13) Nalv (10 6 ) 4.98 Ϯ 0.38 (n ϭ 6) 4.53 Ϯ 1.17 (n ϭ 13) T (m) 8.6 Ϯ 1.3 (n ϭ 6) 10 Ϯ 2 (n ϭ 13) Sa/BW (cm 2 /g) 13.7 Ϯ 1.24 (n ϭ 6) 13.47 Ϯ 1.25 (n ϭ 13) LV/BW (ml/g) 0.043 Ϯ 0.004 (n ϭ 6) 0.041 Ϯ 0.005 (n ϭ 13)
Rat pups body weight (BW), lung volume (LV) and lung morphometric parameters including mean linear intercept (Lm), total alveolar surface area (Sa), alveolar surface density (Sva), alveolar volume (Valv), number of alveoli (Nalv), alveolar wall thickness (T) and the ratios total alveolar surface area/ body weight (Sa/BW) and lung volume/body weight (LV/BW) at birth, 7 and 14 days of age.
†, p Ͻ 0.05 vs. CTRL.
LUNG GROWTH IN GROWTH-RESTRICTED RAT PUPS
uteroplacental embolization in pregnant ewes, caused impairments in bronchial growth (27) at birth and significantly reduced functional residual capacity, total lung capacity at 30 cm H 2 O, diffusing capacity of the lung for carbon monoxide, and compliance of the respiratory system from birth to 8 wk of postnatal age in lambs (28) . Moreover, gas exchange surface area, oxygen uptake, and body weight are strongly correlated in mammals (29) . Indeed, in mice, gas exchange surface area increases with oxygen uptake (30) . Furthermore, in rats, oxygen uptake diminishes with calorie restriction and increases with subsequent refeeding (31) . In our study, the effects of L-NAME treatment on whole-body metabolism also could have interfered with lung development. Finally, it has been suggested that the hemorrhagic necrosis of the fetal hindlimbs observed after oral L-NAME administration to the dam may be related to inhibition of fetal NO synthesis by L-NAME having crossed the placenta (32) . Vascular endothelial growth factor (VEGF) is recognized as a key factor in lung angiogenesis. In newborn rats, inhibition of VEGF receptors decreases lung vascular growth and alveolization (33) and down-regulates endothelial NOS expression (34) . Inhalation of NO improves lung vascular and alveolar growth in newborn rats that are treated with VEGF receptor inhibitor (34) . NO thus is a downstream VEGF effector essential in lung vascular and alveolar growth. In our experiments, the effects of L-NAME treatment on lung growth at birth could also be due to decreased distal lung microvascular development caused by NO synthase inhibition during fetal development. Postnatal changes in the rat pups. During the first 2 wk of life, all pups remained in the cage where they were born, with their mother, which had free access to food and water and received no further treatment. Litter size was kept similar between the two groups to avoid differences related to the amount of milk available from the mothers. During this period, pups usually experience a phase of rapid alveolization followed by a phase of slower production of additional alveoli until adulthood (9) . We observed rapid catch-up in body weight of the L-NAME pups compared with the controls, together with abolition of the differences in lung morphometric parameters during the first 2 postnatal wk. These results suggest that the formation of secondary septa during the rapid alveolization phase was unimpaired, despite the earlier disturbance in lung development.
Discrepancy with previous data on postnatal lung changes in low birth weight animals and humans. The rapid and complete catch-up growth that abolished differences in lung morphometric parameters in our study is somewhat surprising given earlier data on pulmonary outcomes in low birth weight humans and animals, particularly lambs. In humans, IUGR was correlated with decreased forced expiratory flows and volumes in infancy (5) . A retrospective cohort study reported in 1993 showed that children who had IUGR at birth exhibited lung function impairments at 5-11 y of age; respiratory wheezy illness, in contrast, was correlated with preterm birth rather than with IUGR (6). Another study found that low birth weight was correlated with an increased risk for respiratory disorders in adulthood (7).
In a model of IUGR induced by uteroplacental embolization in ewes, the lambs showed impaired lung development, with decreased numbers of large alveoli having thick alveolar septa (4). These abnormalities worsened from birth to 8 wk of postnatal age and were still present in 2-y-old adults (4), suggesting a default in alveolarization.
Our results seem to contradict these earlier findings. Differences in the timing of lung development across species may explain, at least in part, the discrepancies across humans, lambs, and rats. Alveolization begins a few weeks before birth in humans and lambs but starts only after birth in rats. Thus, the discrepancy between our results and those in humans and lambs may be ascribable to correction of the body growth deficiency before the alveolar phase of lung development in our full-term rat pups.
Studies in adult mice showed that calorie restriction was associated with a decrease in alveolar surface area, a decrease in alveolar number, and an increase in alveolar size; all of these abnormalities were reversible after refeeding (35) . These results are consistent with our findings in newborn rat pups. The difference between our findings and those obtained in lambs may also be ascribable to differences in the potential for lung regeneration between the two species.
CONCLUSION
Our results in rat pups show that IUGR induced by L-NAME is associated with delayed lung growth at birth followed by a full recovery during the rapid alveolization phase in parallel with body weight normalization. Thus, a plausible hypothesis is that pulmonary outcomes may be influenced by neonatal nutrition in human infants with IUGR.
